Dilute magnetic semiconductors (DMS) have received attention because of their potential applications in combining both information processing and data storage within one material system. Most of the work in this area has been concentrating on the (Ga,Mn)As materials system with Curie temperatures about 100 K, thus limiting the potential application of this new eld only to cryogenic temperatures. We will report on a new dilute magnetic semiconductor (Ga,Mn)N with a Curie temperature above room temperature which will allow a broader application for spin electronic eld. GaN used in this study was grown by MOCVD on (0001) sapphire substrates. Post growth doping of GaN by solid state diusion of Mn was applied. SIMS results of the Mn-doped samples were found to have a doping prole that levels down to 1-2% Mn. Both x-ray and electron diraction indicated that secondary phases, such as Mn GaN, MnGa, or Mn N are not present and (Ga,Mn) N is achieved as a solid solution. The magnetic properties of (Ga,Mn)N lms were studied by extraordinary Hall eect (EHE) and vibrating sample magnetometry (VSM). The room temperature hysteresis curves conrmed the magnetic properties of the (Ga,Mn)N lms. The sheet resistance measurements at a zero applied eld indicated Curie temperatures in the range of 250 -320 K depending on the sample preparation procedure. We will report on the eect of the sample preparation on the magnetic properties of this new DMS (Ga,Mn) Exchange interactions of Mn and other TM doped doped GaAs and GaN were calculated within the local spin-density approximation, using an an ab initio linear response technique, and the critical temperature estimated within mean-eld theory. It is found that the pairwise interactions are anomalous, decreasing with Mn concentration, thus leading to a saturation in the coupling with Mn concentration. The interactions are found to be much better described according to the Zener double exchange/Anderson superexchange picture than an RKKY description. The reason for this is described in terms of the electronic structure. Using a rigid band model, the counterdoping dependence of the exchange and Tc are estimated. It is found to quickly fall from a ferromagnetic interaction to antiferro with increasing electron content. With increasing hole content t h e interactions increase to a maximum at about 1/2 hole per Mn, in agreement with a simple double exchange/superexchange picture. In this paper, we will report on the growth of GaMnP:C thin lms by gas source molecular beam epitaxy (GSMBE) utilizing phosphine as the group V source, and co-doped with C via a CBr source for enhanced p-type doping. Results of the epitaxially grown lms will be compared to GaMnP lms produced via direct implantation of Mn into GaP:C. X-ray diraction (XRD) of the epitaxial lms shows no evidence of second phases in the epitaxial lms with Mn concentrations up to 9%. Similarly, selected area diraction patterns taken in XTEM show only the presence of GaMnP. A t M n concentrations of 6% or less, the material is single crystal as determined by XTEM and RHEED, but with a very rough surface morphology. Analysis of the GaMnP:C by SQUID magnetometry suggests the presence of a ferromagnetic ordering with a Curie temperature above 250 K. Magnetotransport measurements will also be discussed. This is the highest Curie temperature yet reported for a III-V based DMS.
CONDITIONS FOR EFFICIENT SPIN INJECTION FROM A FERROMAGNETIC METAL INTO A SEMICONDUCTOR.
Albert Fert, Henri Jares, Unit e Mixte de Physique CNRS-THALES, Domaine de Corbeville, Orsay, FRANCE and Universit e P aris-Sud, Orsay, FRANCE.
We adapt the spin accumulation model of the perpendicular transport in metallic magnetic multilayers to the problem of spin injection from a ferromagnetic metal (F) into a semiconductor (SC). We show t h a t the problem of the conductivity mismatch b e t ween F and SC can be solved by i n troducing a spin dependent i n terface resistance (tunnel junction preferably) at the F/SC interfaces. In the case of a F/SC/F structure, a signicant v alue of the magnetoresistance can be obtained if the junction resistance is chosen between two threshold values depending on the resistivity, spin diusion length and thickness of SC. These results on F/SC/F structures are at odds with recent theoretical results of Rashba and we explain the origin of the discrepancy. W e will illustrate the results of our model with numerical calculations for Co/GaAs/Co structures for several types of geometry (vertical or lateral F/SC/F structures with various geometrical parameters We present our recent results from a detailed study of spin polarization and spin injection in II-VI semiconductor heterostructures consisting of diluted magnetic semiconductor (DMS) barriers and a non-magnetic quantum well (QW), by magneto-optical spectroscopy in combination with tunable laser excitation. The DMS barriers serve as spin polarizers as a result of the giant Z e e m a n e e c t , where spin-polarized carriers can be selectively excited via resonant photo-excitation and can thereafter undergo spin relaxation and transfer to the QW. The non-magnetic ZnCdSe QW is employed as a detector of spin injection by monitoring its spin-dependent excitonic recombination. Two t ypes of DMS barriers were examined, one is a ZnMnSe layer and the other is a 10-period ZnMnSe/CdSe superlattice (SL). The composition of Mn is up to 4%. Between the DMS barriers and the non-magnetic quantum well, a non-magnetic ZnSe spacer is inserted to ensure a predominant role of the spin injection as the source of spin polarization in the QW. It is shown that the spin population and polarization in the QW is largely determined by t h e spin injection from the DMS barriers leading to a reverse in sign of the circular polarization of the QW exciton emission. Up to 30% spin polarization can be achieved at 5T in both types of structures when spin undergoes a tunneling transfer from the semimagnetic barriers of which the bandgap energy is lower than that of the spacer. It was indicated that spin relaxation seems to be faster in the DMS SL barrier, as compared to that in the ZnMnSe barrier. This has led to the dierence that spin relaxation precedes spin injection in the former case whereas the opposite occurs in the latter case. A phonon bottle-neck eect has also been observed in the experiment when spin relaxation can be signicantly aected. Ferromagnetism was recently observed at unexpectedly high temperatures in La-doped CaB and a number of theoretical proposals were made to explain these observations. The starting point for all three proposals is an electronic band structure calculated within the local density approximation which describes the undoped hexaboride as a semimetal with a very small overlap between the highest boron-derived valence band and the lowest calcium-derived conduction band. Here we report the results of parameter-free quasiparticle calculations of the single-particle excitation spectrum which show that CaB is not a semimetal but a semiconductor with a band gap of 0.8 eV . This nding has far-reaching consequences for understanding the basic properties of the doped, ferromagnetic phase and for applications. The magnetism in La Ca B occurs just on the metallic side of a Mott transition in the La-induced impurity band. As a magnetic semiconductor La Ca B has some remarkable properties compared to the magnetic semiconductors which h a ve recently been used to study spin-injection, most notable of which is the Curie temperature of 900 K which should make room-temperature device operation possible. The electronic band-edge spectrum of the interface states in the magnetic semiconductor quantum wells based on narrow-gap semiconductors with mutually inverted band arrangement is studied within the envelope-function formalism. Interface states are shown to appear in these structures in the case of overlapping bulk bands of the constituents. The hybridization between the bare -electron states and the -states of the Mn atoms leads to spin-splitting. The spin-splitting eect of the interface states as a function of external magnetic eld, well width, the band osets and fraction of the magnetic atoms, is studied. The results give evidence of the perspective for using the magnetic semiconductor structures in spin electronics.
FIRST PRINCIPLES STUDIES OF RASHBA EFFECT IN SUPERLATTICES. Jacek A. Majewski, Peter Vogl, Walter Schottky Institute, Technical University of Munich, Garching, GERMANY.
We present rst-principles calculations of -linear zero-eld spin splittings of electrons and holes in semiconductor heterostructures and superlattices. The most commonly cited contribution to the -linear zero-eld spin splitting is the Rashba eect [1] . However, its magnitude, physical origin, the role of interfaces, and dependence on macroscopic electric elds have remained controversial [1] . We h a ve studied the spin splittings in the conduction and valence bands by performing fully relativistic pseudopotential local density functional calculations of cubic GaAs/AlGaAs and GaN/AlGaN a s w ell as wurtzite GaN/AlGaN superlattices. In zincblende superlattices with a common anion or cation, the Rashba eect vanishes and the -linear zero-eld spin splittings are entirely caused by the Bulk Inversion Asymmetry (BIA) term that originates from the bulk Dresselhaus term. The corresponding BIA constants are of the order of 0.03 -0.10 eV A, and we nd them to vanish in the limit of large superlattice periods. Furthermore, we nd external electric eld to induce Rashba constants that are typically smaller than . I n the wurtzite structure, the Rashba eect is a bulk eect, in contrast to the situation in zincblende crystals. The calculations for wurtzite GaN/AlGaN superlattices demonstrate that the presence of interfaces enhances the Rashba constant. Furthermore, we h a ve d e v eloped a simple tight-binding model of the -dependent spin splitting eects that sheds light on the physical origin of the Rashba eect and claries its dependence on the microscopic structural details.
[1] P. Pfeer, Phys. Rev. B , 15902 (1999) , and references therein.
GROWTH AND PROPERTIES OF FERROMAGNETIC (Ga,Mn)As/ZnSe HETEROSTRUCTURES. S.H. Chun, K.C. Ku, S.J. Potashnik, P. S c hier, and N. Samarth, Department o f P h ysics and Materials Research Institute, The Pennsylvania State University, University P ark, PA.
Recent i n terest in spin dependent phenomena in semiconductors has resulted in great attention on Ga Mn As, a ferromagnetic semiconductor with a Curie temperature as high as 110 K. Optical spin injection has already been demonstrated in a light emitting diode structure employing Ga Mn As as a spin aligner. Other spin dependent devices using this new material are also expected for demonstrating proof-of-concept semiconductor \spintronics" applications. However, the growth of homogeneous Ga Mn As epilayers requires low substrate temperatures (200 C 300 C), limiting the quality of the other III-V semiconductor components in complex heterostructures. Here, we report the fabrication of Ga Mn As/ZnSe heterostructures in either sequence along the growth axis. Since the optimal growth temperatures of both materials are compatible with each other, this may a l l o w exibility in the fabrication of complex heterostructures that include both semiconductor and ferromagnetic components. While the growth of ZnSe on top of a Ga Mn As epilayer is readily achieved using standard MBE procedures, the homogeneous growth of the reverse sequence is more demanding. We h a ve successfully achieved the latter by using a thin re-crystallized GaAs template prior to Ga Mn As deposition. We nd that { under the same ux conditions { the ferromagnetic transition temperature of Ga Mn As/ZnSe is higher than that of Ga Mn As/GaAs. We discuss the eect of Mn concentration, ZnSe surface termination, and low temperature post-annealing on the physical properties of Ga Mn As on ZnSe, as well the eects of n-doping the ZnSe layer. Supported by grants from ONR, DARPA and NSF. Since the recent demonstration of large magnetoresistance eects in Magnetic Tunnel Junctions (MTJs), consisting of two ferromagnetic electrodes separated by a thin ( 1nm) insulating barrier, there has been a renewed technological and fundamental interest in the tunneling phenomenon. Within 5 years of the reproducible experiments, prototypes of non-volatile Magnetic Random Access Memories (MRAMs) and read-heads for ultra-high density magnetic recording based on MTJ's have already been demonstrated. Although the basic principles behind the large magnetoresistance eects are understood, and considerable progress has been made in utilizing these eects, the exact mechanisms remain elusive. The rst portion of the talk will outline the key ingredients leading to large magnetoresistance in these structures as well as the historical development of these concepts in relation to tunneling structures. The second portion of the talk will focus on recent results using ultra-thin interfacial layers (\dusting layers") and interfacial engineering to demonstrate the dominant role of the interfacial electronic structure in magnetic tunnel junctions. Using Co/M/ Al O /Co and Co/M/M /Al O /Co (M,M =Cu,Cr,Au,Ru) structures, we h a ve demonstrated that the tunneling spin polarization, and thus tunnel magnetoresistance, is determined by only the outermost monolayers of the electrode in contact with the insulating barrier. With the use of \interfacial engineering" one can correlate the transport properties of these devices with the local interfacial electronic structure and perform unique, fundamental studies of spin polarized transport through ferromagnet-nonmagnet interfaces. Finally, time permitting, a new magnetoresistance eect using spin lter barriers will be discussed. The factors that control the spin polarization of the conductance in magnetic tunnel junctions will be discussed. It will be shown that the spin polarization and tunneling magnetoresistance depend not only on the ferromagnets alone but are aected strongly by the electronic properties of the insulator and the ferromagnet/insulator interface. This will be illustrated by comparing the electronic structure of the cobalt/alumina and cobalt/strontium titanate tunnel junctions, which is known to have a dierent sign of the spin polarization [1] . Disorder within the ferromagnetic electrodes aects the spin polarization by breaking the symmetry and by i n termixing the surface and propagating states, which will be demonstrated by considering tunneling between Fe electrodes. The inuence of the localized states due to defects or impurities within the insulator on tunneling magnetoresistance will also be addressed. Ballistic electron emission microscopy has been used to study thin aluminum oxide tunnel junction barriers formed by the natural oxidation of both sputter deposited and thermally evaporated aluminum. We h a ve i n vestigated the formation of these barriers as a function of both aluminum thickness and oxygen dosage. We h a ve found that a complete barrier with a uniform barrier height of 1.2 eV can be made with 0.6 nm of Al and 30 mTorr -sec exposure to oxygen. Longer oxygen exposures, which are generally used to produce MTJ barriers, do not alter the barrier height. If magnetron sputtering is employed to produce the metallic layers then 1 nm of Al is required for a uniform barrier. In addition to transport measurements, scanning tunneling spectroscopy of exposed aluminum oxide was done to investigate the density of states. We h a ve found that nite states exist below the barrier height which indicates a transition from local to extended states with increasing voltage. The rapid development of spin dependent tunneling technology is associated with needs for at least three types of related devices, namely read heads, non-volatile memories and low-eld sensors. In this later case, and contrary to the other ones, one expects to develop an analog device which will deliver an output signal proportional to the magnetic eld to be detected. The linearisation of the tunnel magnetoresistance signal requires a very careful control of the magnetic properties in each electrode of the junction. In practice, one h a s t o i n troduce an uniaxial or unidirectional anisotropy i n e a c h electrode in such a w ay that the two easy axis are perpendicular. We are developing such a concept of linear magnetoresistive sensor, wherein the bottom (soft) electrode has its magnetization direction controlled by a deposition on top of a non planar substrate[1], whereas the top (hard) electrode is exchange biased due to a contact with an antiferromagnetic layer. We will show to what extend the use of such a s t a c k allow t o c o n trol the angular dependence of the tunnel magnetoresistance. The proof of concept of this sensor was achieved using CoO as the antiferromagnetic layer blocking the top electrode [2] . In order to obtain room temperature operation, we h a ve recently concentrated on the use of IrMn instead. We will discuss the correlations between the magnetic properties of the exchange biased top electrode and its structural properties, in particular with respect to the fact that it is deposited on top of an amorphous aluminium oxide barrier. Experimental results show that the spin-polarization (SP) of the tunneling current in magnetic tunnel junctions (MTJs) depends on structural and electronic properties of the entire junction including the insulator and the ferromagnet/insulator interface. In particular, positive v alues of the SP were obtained when tunneling occurs through an alumina insulating layer whereas it is negative when a SrTiO barrier is used [1] . We h a ve performed rst-principles density functional calculations of the atomic and electronic structure of Co/SrTiO /Co MTJs in order to elucidate the factors controlling the SP of the tunneling current. Full optimization of the atomic structure of the MTJs was made for dierent t ypes of interface terminations and the thermodynamically stable structures were identied. The spin-polarized electronic structure for the most stable TiO terminated Co/SrTiO /Co is analyzed including layer-and atomprojected densities of states, local charges and magnetic moments. TMR based on a microscopic theory and to show the dierence between the characteristic features of the oscillatory TMR and those of exchange coupling and GMR in magnetic multilayers. It is also investigated how the oscillation is aected by the randomness. We consider a junction consisting of two semi-innite ferromagnetic leads separated by a thin insulating barrier and a nonmagnetic spacer layer. The system is described by a single-orbital tight-bind Hamiltonian on a simple cubic lattice. Substitutional randomness inserted at the interface and within the barrier is treated by the coherent potential approximation and a numerical simulation for nite size clusters. We calculate the spin-dependent tunnel conductance and TMR ratio of the junction using the linear response theory (Kubo formula). It is shown that TMR oscillates with increasing spacer layer thickness due to the interference eect caused by the quantum well in the spacer layer. In addition to a period determined by t h e F ermi wave vector in the spacer layer, which is responsible to the oscillation of the exchange coupling, a period given by the height of the quantum well is found in the oscillation. In the absence of the randomness, the asymptotic value of the TMR ratio is not zero in contrast to the asymptotic behavior of the oscillatory exchange coupling. However, it turns out that the randomness rapidly decreases TMR and makes the asymptotic value of the TMR ratio zero.
INVERSE TMR EFFECT IN
[1] S. Yuasa et al., to be published. Spin-dependent devices based on manganites have an important drawback in the strong decrease of the tunnel magnetoresistance (MR) with temperature, making them almost useless at temperatures near to the Curie temperature. It has been suggested that double exchange (DE) materials are prone to display spin depolarization at interfaces and therefore, alternative materials not based in DE mechanism will be desirable. The itinerant ferromagnet SrRuO seems to be a promising alternative but not much is known about the role of surfaces and interfaces in this material. To address these issues we have prepared epitaxial thin lms of SrRuO , with dierent t h i c kness ranging from 2 to 300 nm, on top of STO and LAO substrates by using pulsed laser deposition. The quality of the samples has been checked by using X-ray diraction obtaining rocking curves of about 0.08 to 0.11 with surface roughness of 2-4 . F or samples grown on top of STO substrates both magnetic and electronic transport measurements indicate a ferromagnetic transition temperature that varies between about 145 K and 160 K shifting up as the lms thickness increases. On the contrary, lms grown on top of LAO substrates do not show a n y correlation between transition temperature and thickness. Resistivity v alues of about 300 cm at room temperature are found for the thicker samples, nevertheless it rises up as thickness decreases and a semiconducting behavior is observed at low temperatures for samples with thickness below a b o u t 20 nm. Values of saturation magnetization at low temperatures are found to be decreasing when reducing the lm thickness. These results may indicate that also in SRO there is a non-conducting and poorly magnetic layer close to interface with the substrate. Electrical and magneto-transport properties of epitaxial manganite thin lms on lattice mis-matched substrates show a systematic dependence on the lm thickness. There have been attempts to use this thickness dependence to quantify the eect of lattice-mismatch induced bi-axial strains under the basic assumption that a lm of a given thickness represents a well-dened strained-state. Contrary to this assumption, our studies indicate that the manganite thin lms on lattice-mismatched substrates are characterized by inhomogeneous strain distribution both laterally and along the lm thickness. We w i l l present systematic data on the thickness dependence of the structure, microstructure, magnetic and transport properties of La Ca MnO thin lms on lattice-mismatched substrates. Not surprisingly, our attempt to analyze the thickness dependence using a model of thickness dependent uniform strain is not very successful. For a certain thickness range, the electrical transport properties of such strained lms can be described by a parallel resistor model comprising of a fully strained insulating layer close to the substrate a n d a n o verlying strain-relaxed layer with bulk-like properties. We conclude that while the physical origin of the thickness dependence of the transport properties is clearly the Jahn Teller type component o f the lattice mismatch strain, quantication of this strain and its correlation with transport properties is rendered complicated by t h e inhomogeneous distribution of strain in partially strain-relaxed lms. We will also discuss our on-going work on the inuence of lattice mismatch strain on charge and orbital ordering in thin lms of Pr Ca MnO . Acknowledgement: Work at the University o f Maryland was supported by the NSF MRSEC Due to size eect, the decrease of the Curie temperature of a ferromagnetic lm with its thickness is now w ell established on both experimental and theoretical points of view [1] . However, the Curie temperature variation with the thickness is always considered as continuous when the thickness is varied from n to n 1 atomic planes. In other words, the Curie temperature is assumed to only depends on the quantity of deposited material. We s h o w here that in the particular case of thin Fe l m s g r o wn on Ir(100) by M B E , t wo magnetic transitions are observed in a thin Fe lm with a fractional number of deposited monolayers (ml). The Curie temperatures (Tc) are determined by both M ossbauer spectroscopy and ac susceptometry. F or an integer number of Fe atomic planes, we observed only one peak in the susceptibility measurement, corresponding to Tc=65K for 4 ml and Tc=145K for 5 ml. For a 4.5ml thick deposit with a smooth surface, we do not observe a unique peak located between 65 and 145K as usually observed, but two peaks, one located near 65K and the other near 145K. In fact, as the growth is layer by l a yer, the morphology of a 4.5 ml thick lm is a mixing of areas of 4 ml thick and areas of 5 ml thick. If we assume that the magnetic coherence length is smaller than the 4 and 5ml thick areas, these areas seem to be magnetically \independent" and two Curie temperatures should be observed. We performed Monte carlo simulations to justify this assumption. We report on the observation of circular photogalvanic eect (CPGE) in -type Si/Ge quantum well structures in response to absorption of circularly polarized far infrared radiation. Direct inter-subband transitions at wavelengths between 76 m and 280 m have b e e n excited by a high power pulsed NH laser optically pumped by a TEA-CO laser. CPGE, recently observed in GaAs based quantum well structures [1, 2] , is caused by the conversion of optically induced spin polarization into a directed motion of free carriers in the plane of a quantum well, perpendicularly to the direction of light propagation. Due to spin selection rules the direction of the current is determined by the helicity of the light and can be reversed by switching the helicity from right-to left-handed. An existence of CPGE requires a suciently low symmetry lacking a center of inversion (gyrotropic point group). Both bulk Si and Ge have the inversion symmetry. However, Si/Ge quantum wells grown in (001) The use of spin-orbit interaction is a key strategy for the controlled manipulation of spins of the conduction carriers in semiconducting heterostructures, which is needed for realizing future spin devices. These future spin devices will utilize not only the properties of electron charges (as with conventional electronic devices) but also those of electron spin to achieve new device functionalities that have never been realized with conventional devices. In the present w ork, we use anti-weak-localization analysis to quantitatively analyze the zero-eld spin-splitting energies (denoted by 1 ) that are observed in InAlAs/InGaAs/InAlAs quantum wells. We found that the value of 1 becomes larger as the degree of structural inversion asymmetry (SIA) for the InGaAs quantum well becomes larger. This observation is consistent with the fact that the Rashba mechanism is the dominant spin-orbit interaction for these samples. Experimentally, w e varied the degree of SIA of the InGaAs quantum wells by g r o wing a series of four dierent samples (by MOCVD) with dierent i m p u r i t y densities in the carrier supplying layer (denoted by ), which i s located below the quantum well, while keeping all the other structural parameters constant among these samples. Here, the values of are varied from 4 10 cm (the most asymmetric quantum well) to 1 1 0 c m (the least asymmetric quantum well). In addition, the carrier concentrations of these samples are controlled by the applied gate voltage in order to study the carrier density dependence of the 1 v alue. Finally, the experimental values of 1 thus obtained are compared with the theoretically predicted values of 1 , the zero-eld spin-splitting energy due to the Rashba spin-orbit interaction Spin devices and particularly tunnel junctions based on manganites, face to the diculty that the tunnel magnetoresistance (MR) decreases much faster than the bulk magnetization upon heating. As a result, well below the Curie temperature, the MR becomes negligible and these tunnel devices can not be easily operated at high temperature. Although it has been shown that the magnetic properties of lm(ferromagnetic)/vacuum dier from those of bulk, no much information is available to the nature of the insulator/ lm(ferromagnetic) interfaces and what is their role on the magnetotransport properties. In this paper we shall provide evidence that close to interfaces with the substrate, the manganite lms, here illustrated by the particular case of La Ca MnO , are not longer homogeneous: ferromagnetic and metallic but a nanoscopic phase segregation takes place. The magnetotransport data here reported, for thin lms grown on a variety of single crystalline substrates (SrTiO , LaAlO , NdGaO ), conclusively show the presence of a conducting and magnetic dead layer close to the substrate/lm interface, whose thickness (t ) depends on the nature of substrate. Even more, we shall show that the properties of lms can be severely perturbed much deeper (t t ) into the lm. Detailed analysis of the magnetotransport properties as well as information gained from a microscopic magnetic probe ( Mn-NMR) unambiguously reveals the presence of complex phase segregation triggered by i n terface eects. We shall argue that these eects could be at the origin of the discouragingly poor magnetoresistance in manganite based tunnel devices and strategies to overcome it shall be discussed. NiMnSb is a material of signicant i n terest for magnetotransport and spin-polarized transport applications due to its predicted half-metallic behavior. Up to now, the transport measurement performed on spin valves and magnetic tunnel junctions including the NiMnSb alloy demonstrate only poor spin polarization. This behavior was attributed to an insucient crystalline or interfacial quality. In order to clarify the situation, we h a ve studied high quality single-crystalline NiMnSb thin lms grown by molecular beam epitaxy. The inuence of growth conditions on crystalline quality w as studied by RHEED and STM. The structural quality of the lms was investigated by X-ray diraction, EXAFS and HRTEM. For the optimized growth conditions, the expected NiMnSb C1b structure was observed. Moreover, the most stable and smooth surface was found to be 4x4 reconstructed. The magnetic properties were studied by SQUID, AC-susceptometer and X-ray magnetic circular dichroism. The magnetization is observed to be equal to 3.9 and 0. A systematic study of electroresistance (ER) eects is conducted for the case of mixed-valent Manganite channels, using an inverted eld eect geometry with ferroelectric or dielectric gates. A polaritydependent large ER of 76% at 4X10 V/cm is observed for the thin La Ca MnO channel with PZT gate. The CMR (ER) eect is found to be comparable for the case of the unbiased and the electrically (magnetically) biased channel, reecting the complimentary nature of the electric and magnetic eld eects. In Nd Sr MnO , the eect is only a few percent and polarity independent. However, in this case, the magnetic eld boosts the polarity dependent fraction in the ER eect. For La Ba MnO and La Ca MnO systems the magnitude of the eect is much lower. Analysis of these data strongly favor an electronic phase separation picture for mixed-valent manganites. This work is supported under NSF-MRSEC grant no. DMR-00-80008.
LATTICE-MISMATCH STRAIN EFFECTS

GROWTH AND PROPERTIES OF HALF-METALLIC CHROMIUM DIOXIDE THIN FILMS AND HETROSTRUCTURES.
A. Gupta, IBM T.J. Watson Research C e n ter, Yorktown Heights, NY; A. Anguelouch, G. Xiao, Dept of Physics, Brown University, P r o vidence, RI.
Band structure calculations have shown that the well-known magnetic oxide material chromium dioxide (CrO ) is a half-metallic system, i.e., it contain a gap in one spin band at the Fermi level and no gap in the other spin band. Recent superconducting point c o n tact measurements have conrmed the half-metallicity of CrO , providing a spin polarization value as high as 98% at low temperatures. Since CrO is a metastable phase, it has been dicult to grow thin lms of this material using conventional techniques under normal growth conditions. We h a ve utilized a simple atmospheric pressure chemical vapor deposition (CVD) technique to grow high-quality epitaxial thin lms of CrO . They are grown at 400 C on (100)-oriented single crystal TiO substrates using either CrO or CrO Cl as a precursor, and oxygen as a carrier gas. Films grown using CrO Cl are atomically smooth with a rms roughness of less than 5 for a 1000 -thick lm. The CrO lms exhibit a metallic behavior, and the resistivity is anisotropic in the plane with a small change in slope around the Curie temperature. A sharp magnetic transition is observed for the lms, with a Curie temperature of 390-395 K. The value of the saturation magnetization at low temperatures is 650 emu/cm , corresponding closely to the full theoretical moment o f 2 per Cr ion observed in the bulk. The resistivity and magnetic hysteresis loops are signicantly inuenced by the strain in the lms. We h a ve fabricated tunnel junctions using epitaxial CrO grown as one of the ferromagnetic electrode and polycrystalline Co as the counter electrode material. In situ growth of heteroepitaxial tunnel junction structures of CrO with barrier layers such as TiO is being investigated. Rachel Desfeux, LPCIA, Univ d'Artois, Lens, FRANCE; Philippe Lecoeur, Wilfrid Prellier, Bernard Mercey, CRISMAT, ISMRA, Caen, FRANCE.
MORPHOLOGY OF MANGANITE PLD THIN FILMS DESCRIBED
The morphology and the microstructure of pulsed laser deposited (PLD) La Sr MnO (LSMO) lms are shown to follow the \morphology zone model" proposed by Thornton [1] for the sputtering technique. At a micrometer scale, the evolution of the LSMO lm's morphology has been studied using both scanning electron microscopy (SEM) and atomic force microscopy (AFM), for the prominent P L D parameters, i.e. the target-to-substrate distance D, the oxygen pressure P and the deposition temperature T. At l a r g e D v alues (D 65 mm) and high pressures (P = 0.53 mbars) and for a xed temperature of 670 C, the lm exhibits a ne typical Zone I columnar porous morphology. The ne columns are the consequence of the self-shadowing eect of the impinging particules on the growth surface. The presence of embbeded noddles is a further proof of this shadowing eect. At reduced D values (D 45mm) and low pressures (P = 0.15 mbars), the lm exhibits a dense Zone II structure, which is associated with an exceptional surface atness (Rms=0.1nm). The surface is very clean and free of any defects (noddles, inclusions and droplets). An increase of T of about 30 C shifts the ZoneI/ZoneII transition towards high pressures (1 P = 0.1 mbar) in agreement with Thornton's model. Finally, the role of each PLD parameter (T, D and P ) on the magnetic properties of the ablated LSMO lms will be discussed in correlation with the morphology.
[1] J.A. Thornton, JVST 11, 666 (1974) FLIP CHIP MAGNETIC TUNNEL JUNCTIONS. J.C. Read, Z.Y. Chen, R. Ramesh, T. Venkatesan, I. Takeuchi, Center For Superconductivity Research, University of Maryland.
We h a ve developed a ip chip magnetic tunnel junction (FCMTJ) technique that provides a quick and exible means to study the tunneling magnetoresistance between ferromagnetic thin lms that are dicult to incorporate in in-situ grown muiltilayer structures. The FCMTJ structures consist of two individual electrode chips, patterned using conventional photolithography and etching techniques, which are pressed together to make cross-geometry junctions. Each electrode chip is a thin lm bilayer composed of a lower ferromagnetic electrode layer capped with an ultra thin insulating layer. The junction resistance is tunable as a function of pressure. This technique precludes the necessity to fabricate all epitaxial trilayers, and therefore increases the number of possible insulator and ferromagnetic material combinations to be studied quickly. W e h a ve fabricated As with many other oxide-based compounds that exhibit electronic behavior, structural defects will have an inuence on electronic properties of the CMR manganites. In this work, we h a ve studied the local magnetic structure in La Ca MnO thin lms using magneto-optical imaging (MOI). Grain boundaries in this compound exhibit enhanced magnetoresistance, and we h a ve used MOI to measure the local orientation of spins at grain boundaries in bicrystal thin lms. We nd a coordinated reorientation of spins near the boundary, the magnitude of which can be correlated to magnetoresistance across the boundary. A model describing this behavior will be presented. We h a ve also used heavy ion irradiation to induce changes in magnetization. Using a masking process, we h a ve produced samples that have a sharp interface between irradiated and unirradiated regions. At this interface we observe b e h a vior similar to that across grain boundaries { a local reorientation of spins. Details of these studies and discussion of potential applications will be presented. This work was supported by the U.S. Double perovskites have attracted a fair amount of attention due to the high values of transition temperature, which m a k e them interesting for possible spintronic applications. By combining dynamical mean eld theory (DMFT) with a tight binding parametrization of the underlying band structure, we h a ve calculated and optical conductivity and determined the conditions for optimizing the transition temperature. We will rst describe some recent STM experiments that examine spin-dependent transport in electronic systems. This technique uses the spin-ltering properties of magnetic layers to produce polarized ballistic electron beams, and then spatially images the transmission of such beams into underlying layers. In this way w e can obtain microscopic information regarding the ballistic propagation of spin-polarized electron currents across metal semiconductor interfaces. we will then discuss the spin-transfer eect where a spin-polarized current, that ows between two ferromagnetic nanostructures separated by a normal metal spacer layer, can, at suciently high current densities in an applied eld, excite spin waves in one or both of the ferromagnets. At z e r o o r l o w H the polarized current can reversibly switch the magnetic orientation of a free nanomagnet relative to that of a xed ferromagnet, with the resultant orientation dependent upon whether the spin-polarized electrons ow to or from the free layer. The excitation and switching arises from the transfer of spin angular momentum from the conduction electrons to the ferromagnetic moment. This spin-transfer phenomenon has the potential of enabling a new type of direct-current-addressable magnetic memory and new high frequency nanoscale devices. We w i l l discuss key aspects of current theoretical models that have b e e n developed to describe and predict spin-transfer phenomena, as well as present recent results from experiments designed to test these models and to further examine and enhance the eects. . We will present our latest experiments obtained on Co/Cu/Co nano-pillars in which w e nd that a positive current s w i t c hes the magnetic conguration from AP to P whereas a negative one switches from P to AP. This asymmetry is the signature of reversal by spin injection. The required current density is about 10 A/cm . We will also show the variation of the critical current with the applied magnetic eld. In fact, this study is of interest to decide between the dierent theoretical approaches as they predict quite dierent eld dependence of the switching current. Our interpretation is based on the dynamical approach of Slonczewski with a calculation of the current spin polarization in a standard model of the CPP-GMR. We show h o w the spin asymmetry involved in Slonczewski's equations is inuenced by the thickness of the layer and the spin diusion lengths in the magnetic and the nonmagnetic layers. Optimizing the parameters of the samples, the critical currents can certainly be reduced and be of interest for application to the switching of submicronic magnetic devices. We report the detection of electromagnetic waves radiated by current-driven magnons in a Co/Cu magnetic multilayer. The magnons were excited by means of a high current density 10 A/cm injected into the multilayer through a point contact. The point contact itself was used as a high frequency mixer to mix electromagnetic waves radiated by the current-driven magnons with externally generated microwave radiation. Here the external microwaves are used as a direct probe of the high-frequency behavior and partial phase coherence of the current-induced excitations. When the external frequency equaled the frequency of the magnons generated in the multilaye r a d c v oltage was found to develop across the contact. Investigation of how this voltage varies with exciting current, magnetic eld, and microwave frequency provides detailed information on the spectrum of the current-driven magnons. Our observations support the feasibility of a spin-wave m a s e r , o r S W ASER (spin-wave amplication by stimulated emission of radiation). We report epitaxial growth of new ferromagnetic Heusler alloys, Co NiGa and the half-metallic Co MnGe on (001) GaAs and MgAl O substrates by pulsed laser deposition (PLD). Structural measurements reveal the lms to be highly [001] oriented with a considerable degree of in-plane cube-on-cube orientational locking. The epitaxial nature of these samples was also conrmed by Rutherford Backscattering Spectroscopy (RBS) ion channeling experiments. Temperature and eld dependent magnetic measurements reveal a strong thickness dependence of the martensitic structural phase transition, which is strongly suppressed below thicknesses 1000 . Also, a process has been optimized for the deposition of ferromagnet/non-ferromagnet/ferromagnet trilayer structures grown on GaAs to study their properties for use in spin valves and tunnel junctions. We will report results of structure, magnetic properties and spin polarization measurements (in collaboration with R. Soulen, NRL). This work is supported by Oce of the Naval Research. Magnetic eld sensors based on articial grain boundary junctions of Colossal Magnetoresistive Materials a viable device in the eld of spintronics. The mechanism of grain boundary conduction in zero eld as well as applied magnetic eld is a subject of current research. In this work we report study of articial grin boundary junctions fabricated on bicrystal substrate depositing epitaxial lm of CMR material (primarily LBMO). The study consists of non-linear transport characteristics for 4.2K-400Kin a eld of 0-6T. In addition we h a ve studied the junction using STM technique and Scanning Tunneling Potentiometry (STP). The STP technique allows us to study potential drops in nanometer scale and it shows the extent o f inhomogenity in the electrical transport in the lm as well as the grain boundary. The grain boundary transport changes drastically on application of eld, and the mechanism of transport also depends on the temperature. It is tunneling at low temperature, changing to spin-ip scattering at higher temperatures. These mechanisms can be active simultaneously and provide parallel conduction path for the grain boundary device. It appears that the physical quality of the grain boundary and its physical size determine the mechanisms that will be dominant. Thin lms of Sr FeMoO have been deposited by pulsed laser deposition technique, using a high quality, polycrystalline, and stoichiometric Sr FeMoO target. The substrates used were (100) and (111) oriented SrTiO . The depositions were performed under various conditions with a view to optimize the process parameters. It is observed that the growth process is highly sensitive to the deposition parameters viz., the substrate temperature, the laser energy density, and the background gas pressure. The lms deposited below a b o u t 980 C show a semiconducting behavior at all temperatures below 3 0 0 K, while the lms deposited between 980-1050 C exhibit a metallic behavior between 300-100 K and a semiconducting behaviour below 100 K. It is observed that a laser energy density higher than 2.5 J/cm yields better quality lms. The structural properties of these lms are studied by x -r a y diractometry and Rutherford backscattering channeling techniques. The lm morphology is studied by atomic force microscopy. The magneto-transport measurements are also performed and will be analyzed vis a vis other lm properties. This work is supported under NSF-MRSEC grant no. DMR-00-80008. Epitaxial thin lms of a half-metallic ferromagnet Sr FeMoO have been grown on (001) SrTiO , and MgO substrates by magnetron sputtering. Their structural, magnetic, magneto-optical and transport properties at room temperature were investigated and compared. Large dierences were observed especially in the magnetic and magneto-optical properties between thin lms on SrTiO and MgO. The lms on SrTiO exhibited larger saturation magnetic moment and larger complex polar Kerr eect with a rotation up to -0.32 at 1.6 eV and RT than those on MgO. The observed dierences in properties of the lms on the two substrates could be interpreted in terms of the strain eect and the structural disorder. DILUTE MAGNETIC OXIDES BASED ON ANATASE TiO AND C-RARE EARTH In O : ANALYSIS OF PROSPECTS FOR ROOM TEMPERATURE FERROMAGNETISM AND TRANSPARENCY. Oleg Mryasov, Mark van Schilfgaarde, Sandia National Laboratories, Livermore.
MECHANISMS OF ELECTRONIC TRANSPORT
PROCESS PARAMETER OPTIMIZATION FOR PULSED LASER
MAGNETIC AND MAGNETO-OPTICAL PROPERTIES of
We report results of the modeling of magnetic, optical properties and energetics of TiO and In O :oxides doped with 3d transition metals. We employ LMTO method within the local spin density approximation to calculate magnetic moments, exchange interaction parameters, Curie temperature (within the mean-eld approximation) and energetics of substitution in TiO and In O with V, Cr, Mn, Fe, and Co. We nd that for a homogeneous distribution of Co in TiO , the magnetic exchange is too small to provide RT ferromagnetism. Most molecular beam epitaxial growth on III-V substrates has been optimized for (100) oriented growth. However, spintronic devices may benet from growth of quantum structures on (110) oriented substrates because the Dyakanov-Perel spin relaxation mechanism is suppressed or absent in this orientation for 2-D systems. We a r e currently engaged in the growth of 6.1 heterostructures on InAs (110) oriented substrates and have noted interesting dierences in the growth behavior between the (100) and (110) orientations with respect to group V dependence and antimonide on arsenide terminated interfaces. We will discuss the results of in situ RHEED, photoemission, and scanning tunneling microscopy studies of InAs/GaSb heterostructures grown on both (100) and (110) Ferromagnetic semiconductors hold the promise of creating novel devices by c o m bining control of the spin as well as the charge of the carriers. MBE-grown lms of ferromagnetic (Ga,Mn)As have r e c e n tly emerged as an important testbed for the physical properties of such systems and how they can be integrated with conventional semiconductors. We h a ve studied the evolution of the magnetic, electronic, and structural properties of annealed (Ga,Mn)As epilayers grown by l o w temperature molecular beam epitaxy. Annealing at 250 C for less than 2 hours signicantly enhances the conductivity and ferromagnetism, reproducibly producing the maximum curie temperature observed for this system of about 110K; however annealing for longer periods suppresses both. These data indicate that such annealing induces the defects in (Ga,Mn)As to evolve through at least two processes, and they point to a complex interplay b e t ween the dierent defects and ferromagnetism in this material.
A DFT-LAPW STUDY OF THE InAs/GaSb HETERO-STRUCTURE: STRUCTURAL AND ELECTRONIC PROPERTIES. Richard S. Ross, HRL Laboratories, LLC, Malibu, CA; Max Petersen, Dept of Mathematics, UCLA, Los Angeles, CA.
Exploiting spin phenomena in semiconductor heterostructures requires highly detailed knowledge of the electronic band-structures of these materials. The spin splitting of sub-bands in these systems is due to a combination of the Dresselhaus eect (Bulk Inversion Asymmetry) and the Rashba eect (Structural Inversion Asymmetry). Additionally, the Rashba eect can have contributions arising from pure interface eects, such as in the No Common Atom heterostructures, as well as structural asymmetries due to variations in barrier heights and composition. In this paper we present t h e results of ab-initio calculations of short period superlattices in the 6.1 Angstrom materials system, particularly the (001) InAs/GaSb heterostructure. We use the full potential linear augmented plane wave (FP-LAPW) method combined with density functional theory in the local density approximation (LDA). The spin-orbit interaction is explicitely included. With this approach w e can simulate dierent interface bonding types and periods of the InAs/GaSb superlattice, studying the resulting eect on the spin-splittings of the conduction and valence bands. Since InAs and GaSb are known within the LDA to have a negative band gap and an incorrect ordering of states at the 0 point, we apply \false Darwin shifts" as discussed by Cardona [1] . As a result, we obtain a better electronic band structure and a correct ordering of states close to the fundamental gap, all without sacricing the accuracy of structural parameters. Media noise suppression is a key element in approaches to extremely high-density magnetic recording media, requiring continued reduction in the media grain size and improvement in grain uniformity and magnetic grain isolation. Continued grain size reduction, however, will eventually cause thermal destabilization of the media grains, thereby limiting the attainable areal density. T o postpone the onset of superparamagetic decay in recording media and to push out areal density, one generally seeks to enhance the media anisotropy. However, smaller magnetically harder grains also require enhanced write elds and the thermal stability problem essentially becomes a write eld problem. A technologically important route to enhancing the write eld is perpendicular recording, in which a single pole write head is combined with a double layer hard/soft magnetic medium. The central themes in the recently growing eld of \spintronics" are (1) to explore novel spin-dependent phenomena that are predicted to occur in various form of solid state materials and (2) to use these new phenomena to design future electronic devices with completely new functionalities which h a ve n e v er realized in conventional electronic devices. Here, it should be noted that conventional electronic devices utilize only the properties of electron charges, and not those of the spins. In the present w ork, we propose a novel spin lter that utilizes the Rashba spin-orbit interaction in an InAlAs-InGaAs-InAlAsInGaAs-InAlAs triple barrier resonant tunnel diode (RTD). This spin lter makes use of spin-dependent resonant states that are formed in the triple barrier structures. We nd that, for a certain source-drain voltage, it is possible to engineer the device structure in such a w ay that a resonant l e v el formed between the rst and second barriers in the RTD matches that formed between the second and third barriers only for a selected spin state, thus realizing an electronic spin lter. The calculated polarization of the transmitted current through the device, as dened by ( ), where and are the spin-up and spin-down currents, respectively, is found to exceed 99%. We also discuss possible applications for this unique device and propose some experiments to be performed to conrm the predicted theoretical results. This research w ork is supported by the NEDO International Joint Research Grant Program. The properties of the (Ga,Gd) O system have been examined for ultrathin spin-dependent tunnel barrier applications. Structures of type FM/T/SC and FM/T/FM/SC have been fabricated, where FM denotes a ferromagnetic material, T an insulator, and SC a semiconductor. Semiconductors include GaAs, InAs, and GaN. Ultrahigh vacuum fabrication techniques allow nearly contaminationfree interfaces to be formed. Eective band osets and layer chemistry have been investigated using x-ray photoelectron spectroscopy (XPS). x 0.3 has been observed. TEM imaging has allowed us to observe lattice imperfections and crystal structure. I-V characteristics were measures and spin transport properties determined by Stokes-parameter analysis of optical emission. It is found that these lms are amorphous and suitable for use as tunnel junctions.
SPIN VALVE EFFECT IN MAGNETIC RESONANT TUNNELING DEVICES. D.O. Demchenko, A.N. Chantis, and A.G. Petukhov, Dept of Physics, South Dakota School of Mines and Technology, R a p i d City, SD.
We propose a new electronic device utilizing resonant tunneling between two magnetic materials. The device is comprised of a semiconductor quantum well sandwiched between two insulating barriers and ferromagnetic leads. At certain geometries and material parameters this structure may exhibit a strong spin valve e e c t leading to a great enhancement of magnetoresistance. New ferromagntic semiconductors such as GaMnAs or its analogs are suitable materials that can be used to fabricate the device in question.
As an example, we consider resonant tunneling of holes in GaMnAs/AlAs/GaAs/AlAs/GaMnAs double-barrier heterostructures. Our calculations of tunneling conductance for parllel and anti-parallel alignment of magnetizations in the leads demonstrate that at certain thickness of the quantum well and the barriers this system can signicantly outperform conventional tunneling junctions comprised of one insulating barrier sandwiched between two ferromagnetic electrodes. We also investigate the bias dependence of magnetoresistance. Another interesting feature of the proposed device is a possibility of a bias-controlled coupling between two magnetic electrodes. We report on spin properties of 2D electron gases (2DEG) in the strained Si and SiGe quantum wells of modulation-doped Si/SiGe heterostructures. In a standard electron spin resonance (ESR) set-up conduction electron spin resonance of the 2DEGs leads to sharp absorption lines with line widths as narrow a s 3 0 m G a t a g -f a c t o r close to 2. Both microwave saturation and spin echo experiments were conducted to extract the spin coherence and spin life times. In the best samples we found spin coherence times of several micro seconds, which is 3 -4 orders of magnitude larger than in most III-V semiconductors. Thus, electrons in Si, which are known to experience extremely weak spin-orbit interaction, appear to be well suited for the investigation of quantum computing concepts. A possible scheme employs ESR to induce controlled spin ip operations. By utilizing a quantum well structure consisting of two materials with dierent g-factor, ESR spin ips can be switched on and o by m o ving the electron wave functions from one layer to the other by, e.g., applying a g a t e v oltage. Since the g-factors in Si (2.00) and Ge (1.54) dier signicantly, g-factor tuning will become possible by c hanging the composition. To test the feasibility of this concept we performed CESR experiments on strained, n-type modulation-doped Si(1-x)Ge(x) quantum wells with x 10%. The experiments show a systematic decrease of the g-factor with composition. Given the narrow line width of the ESR signal a change of x from 0 to as little as 5% would be sucient to shift the 2DEG out of resonance. Such a structure can easily be implemented with standard Si technologies, which is a further strong motivation for considering Si-based heterostructures for spin devices. Development of spintronics devices requires detailed knowledge of the surface and interfacial magnetic properties of ultra-thin sputterdeposited lms. With soft-x-ray scattering using a tuneable source of x-rays, one can probe element-specic magnetic properties. Measuring the diuse component of the scattered intensity provides depth-limited (i.e., interfacial) information on the selected material. Previous work[1] reported slight c hanges (relative to the specular component, which measures bulk lm eects) in coercivity a n d hysteresis loop shape in the diuse intensity as a function of both chemical and magnetic roughness, and of grain size. The coercivity increase was attributed to a loss of coordination, which w ould allow uctuating spins; however, it was also conjectured that disorder aects the local anisotropy and thus changes the shape of the hysteresis loops. We report on Co-based lm systems for which the diuse hysteresis and loop shape remain unchanged from the specular throughout the diuse scattering. To i n vestigate the interrelations between morphology and magnetic anisotropy, w e v ary parameters of this base system to produce changes in the nature of interfacial magnetic properties. These changes include additions of capping layers, increases in sputter pressure, and ion-etching of Cu buer layers. Behavior of magnetic spins at the interface will be analyzed by comparing our results in light of competing models, that magnetic spins are most aected with increasing roughness by either a loss of coordination or by local anisotropy. The remagnetization process of (001) Fe O lms deposited on (001) SrTiO substrates was studied using a magneto-optical imaging technique. The lms were deposited by pulsed laser deposition technique. They were characterized by dierent techniques to ensure their high epitaxial quality and the expected electrical properties including the Verwey transition. The lms having thicknesses 400 and 800 nm were examined. It was found that remagnetization in 400 nm (thinner) lms proceeds continuously without observation of domain structure. On the other hand, in 800 nm (thicker) lms, the continuous evolution of remagnetization is interrupted by the discontinuous formation of the domain structure when the eld approaches the coercive eld (Hc). Once the domains are nucleated, they spread throughout the sample with a slight c hange in applied eld. At a eld slightly higher than Hc, the magnetization again becomes uniform. This discontinuous change of the magnetization with the eld results in the appearance of a steep change of magnetization in the hysteresis loop near the Hc. For thinner lms, when the eld is applied along 110 direction, i.e. along the easy direction of magnetization for Fe3O4 lm, the magnetization proceeds uniformly through gradually changing the magnitude without changing its direction. When the eld is applied along 100 direction, the magnetization proceeds through the gradual rotation of its direction. Similar behavior is observed for thicker lms, the only dierence being the formation of domain structure at eld values close to Hc. The creep phenomenon is also observed once the domains are nucleated in thicker lms. When the eld was applied along 110 direction, the nucleated domains grow in size for about 30 s even though the applied eld is kept steady. F or eld applied along 100 direction, the domain movement w as much faster. This work is supported under NSF-MRSEC grant no. DMR-00-80008. Devices exploiting giant magnetoresistance or tunneling magnetoresistance typically contain magnetic layers no more than 2 or 3 nm thick; hence, these devices are often called magnetic nanostructures. Although we are now capable of controlling these multilayer interfaces to sub-Angstrom precision, controlling the lateral dimensions of magnetic devices is more challenging. In this talk, I will show examples which illustrate the techniques being used today to fabricate magnetic devices with lateral dimensions below 100 nm. Such techniques can broadly be classied into two categories: additive a n d subtractive. In additive t e c hniques, material is deposited into a previously fabricated stencil. Examples of such additive t e c hniques are electrodeposition and collimated deposition/lift-o processing. Though extremely useful for certain applications, these additive techniques are ill-suited for fabricating complex multilayer structures. In such structures, the precision requirements for the magnetic layers forces the multilayer deposition to be done rst, with the lm subsequently patterned via subtractive processing such as focused ion beam milling, reactive i o n e t c hing, or Ar ion milling with a lithographically-dened mask. It is important that this subtractive processing does no signicant damage to the resulting magnetic nanostructure. The various techniques to be presented in this talk have made it possible to probe the behavior of laterally constrained magnetic nanostructures. Understanding this behavior is becoming increasingly important to the magnetic storage industry, i n w h i c h, within ve y ears, the physical dimensions of multilayered sensors is anticipated to be less than 100 nm.
CONDUCTION ELECTRON SPIN RESONANCE IN
MAGNETIC-SPIN PROPERTIES OF SPUTTER-DEPOSITED CO FILMS INVESTIGATED USING DIFFUSE-SOFT-X-RAY
MATERIALS AND PROCESSING CHALLENGES
INTEGRATION OF MAGNETIC DEVICES WITH SEMI-CONDUCTOR CIRCUITS: PROMISES AND CHALLENGES.
Dexin Wang, James M. Daughton, NVE Corporation, Eden Prairie, MN.
Magnetoresistive materials are under intensive research a n d development driven mainly by their high potential and initial commercialization successes in read heads for data storage, magnetic eld sensing, and a variety of derivative devices. These demonstrated devices exploit the superior properties of magnetoresistive materials, such as high signal level and high sensitivity. The devices can also be integrated with semiconductor circuitry for signal conditioning and supply modulations. Therefore many applications demand certain level of integration of the magnetic components with IC electronics in order to achieve the desired performance. Although it is a more complex design and fabrication process and there are associated yield losses in integrating magnetoresistive materials with IC electronics, there are far more signicant advantages, including small size, high speed, low p o wer, and better overall performance. Recently announced transistors with feature sizes of 20 nm for chip speed of 20 GHz typify the continued progress in semiconductor IC technologies. On the magnetics side, GMR materials are being applied to commercial use in discrete as well as integrated forms, as soon SDT materials will be. MRAM arrays of dierent t ypes with feature sizes of 200 to 600 nm have been demonstrated. Much smaller devices enabled by Curie point writing and other ingenious inventions suggest speedy increase in MRAM density. The spin degree of freedom, in addition to the charge degree of freedom, for electrons seems to promise great potential for more advanced devices where integration is anticipated. In this presentation, magnetoresistive materials applied to magnetic eld sensors, galvanic isolators, and several types of MRAM devices integrated with underlayering IC electronics are used to illustrate the achievements, promises, and the challenges in design, fabrication, and performance in this fascinating frontier. Scanning Electron Microscopy with Polarization Analysis (SEMPA) provides a direct image of a sample's magnetization by measuring the spin polarization of secondary electrons emitted in a scanning electron microscope. With submonolayer magnetic sensitivity and probe sizes as small as 10 nm, SEMPA is sensitive to extremely small amounts of magnetic material; as small as 1000 Fe atoms or 10 emu. In particular, SEMPA's surface sensitivity m a k es it especially well suited for the direct, quantitative mapping of the magnetization direction in thin lm structures used in spintronic devices. Correlations between magnetic and physical structures in these systems can be determined, since SEMPA provides separate, yet simultaneous, images of the magnetic and topographic structure. When combined with other compatible surface analytical techniques such a Auger, RHEED and STM, SEMPA can also provide information about the relationship between the magnetic structure, the chemical structure, and the atomic scale order. SEMPA can also be used for in situ imaging of magnetic structure during thin lm growth and depth proling. This talk will describe the SEMPA technique and present examples of measurement applications from thin lm and multilayer magnetism. These measurements have provided a better understanding of domain structures in patterned thin lm structures, multilayer exchange coupling, magnetic ordering in antiferromagnetic lms, and the relationship between magnetic domain structure and magnetoresistance in multilayers. The magnetic microstructure and the magnetic coupling to adjacent layers govern the magnetic properties of a magnetic thin lm. Of particular importance in many technical applications is the interface between two magnetic layers or between a magnetic and a non-magnetic layer. Phenomena such a s e x c hange bias, giant magneto resistance and spin injection are interface phenomena and precise knowledge of the interface spin structure and chemistry are essential for the understanding of these eects. We will show that X-ray Photoelectron Emission Microscopy (X-PEEM) oers sub-monolayer magnetic sensitivity which is sucient to detect very small spin concentrations at surfaces and interfaces. High spatial resolution of currently down to 50 nm and theoretically down to 1 nm, elemental and chemical specicity, and sensitivity to ferromagnetic and antiferromagnetic order make PEEM an ideal tool for the study of magnetic interface phenomena. Here we will present results on the magnetic exchange coupling in ferromagnet-antiferromagnet structures, and we will show initial experiments on spin injection in all-metallic devices. In ferromagnet/antiferromagnet samples such a s Co/LaFeO and Co/NiO we w ere able to separate the contributions to the sample magnetism of the antiferromagnetic bulk, of its interface to the ferromagnet and of the ferromagnetic layer itself. The relative alignment of the magnetization and its response to external magnetic elds provides important information on the origin of the exchange coupling between the layers, as we will show. Spin polarized currents provide a new method of eciently manipulating nanoscale magnetic domains. We will present initial experiments on current induced switching, where we directly image the magnetization reversal in response to a localized current. We are currently designing a new experiment setup which will allow stroboscopic measurements using a synchronized sychrotron-laser setup. We e x p e c t t o a c hieve 5 0 p s t i m e resolution at the full spatial resolution of the microscope, opening new ways of studying dynamic magnetic processes. New applications in magneto-electronics and thin magnetic lms require detailed knowledge about the nature of magnetism at surfaces and interfaces at the subnanometer level. The inuence of surface and interface morphology, b o t h c hemical and magnetic, on spin-dependent electron scattering, and thus on the performance of spintronics devices, is a critical question. Diuse x-ray resonant magnetic scattering (DXRMS), a unique element-specic method that provides information on both the chemical and magnetic morphology at surfaces and interfaces, shows evidence for a disordered magnetic layer at the interface between a magnetic / non-magnetic material. [1] [2] [3] In this disordered layer, the magnetic spins do not follow the applied magnetic eld perfectly. W e present D XRMS data for a series of samples with deliberately roughened Cu buer layers (via ion etching) of the form 7 nm Co / 10 nm Cu / 100 Si. The Co and Cu lms are sputter deposited, and are smooth to 0.5 nm without the deliberate roughening. We discuss trends in the nature of the disordered layer and in the chemical and magnetic roughness and describe a model for the magnetic interface consistent with all data. Multilayer structures composed of alternating ferromagnetic (FM) and nonmagnetic (NM) layers are known to exhibit Giant M a g n e t o Resistance (GMR), an eect whereby a large change in the multilayer resistance occurs as a function of magnetic eld. These multilayers have been applied to magnetic storage and sensing technologies, and this has sparked a great deal of interest in understanding these systems at a fundamental level. We h a ve studied the Metallic Quantum Well (MQW) electronic structure of the prototypical NM/FM/NM systems, Cu/fccM/Cu(100) [M=Ni,Fe] , using angle resolved photoemission (PE) and inverse photoemission (IPE) along the 0 direction. We h a ve also used a phase accumulation model (PAM) to calculate the dispersions of MQW electronic states along this axis. The PAM predicts that MQW states will have h i g h a eective mass when they lie in the energy and momentum region of the projected spin polarized band gap of the underlying magnetic material. Two states of high eective m a s s w ere observed using PE on the Cu/fccNi/Cu(100) system, one inside the Ni band gap and one near the gap edge, and another state was seen just above the gap using IPE in good qualitative agreement with the PAM. Numerous MQW states were seen using IPE on Cu/fccFe/Cu(100) but no pronounced high-eective-mass state was seen in the Fe band gap. Additionally, the PAM predicts that MQW states will increase in energy as a function of increasing Cu thickness. Although we o b s e r v ed this in our IPE results for MQW states in Cu/fccFe/Cu(100) and PE of Cu/fccNi/Cu(100), our IPE data for Cu/fccNi/Cu(100) show MQW states decreasing in energy as a function of increasing Cu thickness. In general, however, the PAM gives a good qualitative t t o our experimental results. We will discuss our results in the context of the PAM and address the origins of discrepancies between the PAM's predictions and our measurements The domains of antiferromagnetic order in a Cr single crystal can be observed with spatial resolution that is improved by orders of magnitude in comparison with previous techniques using the diraction of x-rays focused to a submicron spot. The incommensurate spin-density w ave of the Cr antiferromagnetic state allows magnetic x-ray scattering to be easily distinguished from diraction due to non-magnetic order. Using the spin-polarization dependence of the magnetic x-ray scattering cross section we h a ve imaged the rst order spin-ip transition near 120 K directly and found that it is broadened in temperature by s e v eral degrees even at the micron scale. This inherently quantitative technique connects the phenomena occurring at the single domain scale near this transition to anomalies in transport and magnetization measurements. We h a ve carried out optical and transport studies of Mn-doped GaAs epilayers. The Mn concentration was kept below 0.005% and all samples are paramagnetic. The low Mn concentration used in this study allows high temperature growth at 580 C, instead of the low temperatures used for GaMnAs alloys to avoid the formation of MnAs precipitates (usually below 300 C). In this study, w e h a ve focused on the behavior of Mn-related acceptor states as a function of Mn concentration. As the Mn concentration increases, the samples become metallic, with the highest hole concentration up to 2.5 x 10 /cm . As the Mn concentration increases, the conduction band to acceptor state transition at 11,400 cm (as observed in the photoluminescence spectra from low concentration samples) evolves into a broad band that extends above the GaAs band gap. This observation suggests that isolated Mn acceptor states evolve i n to an impurity b a n d , extending into the valence band. This is supported by the results of photoconductivity measurements, which exhibit a broadening of the absorption edge of GaAs with increasing Mn-concentration. The transport measurements show a s l i g h t decrease of sheet resistance with increasing temperature for all metallic samples that also exhibit a negative magnetoresistance at low magnetic eld. At higher magnetic elds, the magnetoresistance becomes positive. The negative magnetoresistance decreases with increasing temperature and vanishes around 100 K. Diluted magnetic semiconductors Ga Fe A s w ere grown by molecular beam epitaxy and characterized. Ga Fe As ternary alloys were obtained at the growth temperature T =260 C ranging from x=0.005 to 0.03. In order to investigate the magnetic properties of the sample, electron paramagnetic resonance, magnetic force microscope and super-conducting quantum interference device magnetometer were employed. The eects of thermal treatment o n behaviors of defects, aecting to the magnetic properties of GaFeAs layer were particularly elucidated. As-grown samples were treated at temperatures varying from 100 C to 600 C. From the measurement o f double crystal X-ray diraction, we observed Fe-related peak which shifted to a higher diraction angle as the Fe c o n tent increased, indicating that the lattice constant decreases with increasing Fe content. In contrast, above the annealing temperature 500 C, the lattice constant becomes smaller than that of GaAs. Using the optical deep level transient spectroscopy, v arious defects in GaFeAs layer were observed and identied in conjunction with the changes of magnetic properties. Since the discovery of the carrier induced ferromagnetism in (In, Mn)As and (Ga, Mn)As, diluted magnetic semiconductors (DMSs) have b e e n o f m uch i n terest from the industrial viewpoint because of their potentiality as a new functional material which will open a way to introduce the freedom of spin into semiconductor devices. In this paper, the magnetism in GaN-and AlN-based DMSs is investigated based on the rst principles calculations and material design of ferromagnetic DMSs is proposed. GaN and AlN have wide band gap energy of 3.39 and 6.2 eV, respectively, a n d h a ve been the most promising materials for information processing with short wavelength optics, therefore, detailed investigation on the feasibility of GaN-and AlN-based ferromagnetic DMSs is of great importance. The electronic structure is calculated by the Korringa-Kohn-Rostoker method combined with the coherent potential approximation (KKR-CPA) based on the local spin density approximation. The KKR-CPA i s o n e of the most sophisticated methods to treat substitutional disordered systems with taking disorder into account. We calculate the electronic structure of ferromagnetic and spin-glass GaN-based DMSs, and total energy dierence between them is calculated to estimate whether the ferromagnetic state is stable or not. A previous 6-band description of the valence band dispersion relations, in conjunction with mean-eld theory (MFT), successfully accounted for the Curie temperatures ( ) observed in bulk III-Mn-V semiconductor alloys. Also ferromagnetism was recently reported for digital superlattices (SLs), in which the Mn ions are conned to at most a few monolayers (MLs). These quantum structures with a large local Mn fraction are interesting for their intrinsic properties, and also provide a testing ground for determining the limitations of MFT treatments of the exchange interaction in ferromagnetic semiconductors. Whereas the method is a quasi-continuum approach, in dealing with digital SLs it is important t o h a ve a band structure model that treats single atomic layers. The eective-bond orbital method (EBOM), in which the full symmetry of the zinc-blende lattice is reduced to that of an fcc lattice, is more attractive than other atomistic approaches for reasons of straightforward reduction to an 8-band model, eciency, and simplicity. W e h a ve v eried that in bulk alloys, predicted by EBOM nearly coincide with values. Including self-consistent exchange and electrostatic potentials, we nd that the SL is always enhanced over that in a bulk alloy with the same average Mn fraction and hole density, o wing to the localization of the wavefunction in the magnetic layer. For the example of a GaAs/GaMnAs SL with a 10-ML period with hole density = 1 0cm , the enhancement i s t o = 120 K, which compares with 53 K in bulk. As the thickness of the non-magnetic spacer layer increases, the degree of hole localization saturates, reproducing the experimentally observed saturation of . Room-temperature ferromagnetism is predicted by MFT for a digital SL with AlAs spacers to provide a high valence-band oset with respect to GaMnAs, assuming the same high = 1 0cm . We discuss the role of interface resistance on electrical spin injection from a spin-polarized contact into a nonmagnetic semiconductor. Without interface resistance, spin injection is typically weak for contacts with metallic resistivities. For high bulk resistivity c o n tacts, such as doped semiconductors, or for completely spin-polarized contacts signicant spin injection is possible without interface resistance. A tunnel barrier with spin dependent i n terface resistance can greatly enhance spin injection from spin-polarized metallic contacts. To a c hieve spin injection, the system must be driven out of local equilibrium by an electric current so that the electrons injected into the semiconductor are spin-polarized. It is dicult to drive t h e electron population in a metallic contact far from local quasi-thermal equilibrium because of the metals high electrical conductivity. Without interface resistance, the electrons in the contact and in the semiconductor remain in good thermal contact; therefore, the electrons in the semiconductor also stay in local quasi-thermal equilibrium and spin injection is weak. A tunnel barrier with spin dependent resistance provides a mechanism for the applied current density to drive electrons out of quasi-thermal equilibrium at the contact/semiconductor interface and can signicantly enhance spin injection. An insulating tunnel barrier with a spin-polarized contact has spin dependent i n terface resistance because of the dierence in Fermi wave v ectors for the two spin types in the contact material. A ferromagnetic insulator tunnel barrier can also have spin dependent interface resistance. We describe calculations of spin injection for a variety of contact, barrier and semiconductor structures and investigate the properties that are required for signicant s p i n injection. . It is also shown that remanent magnetisation increases with pressure: for the optimal value (P = 300 mTorr), hysteresis loops are perfectly square along the [100] direction (HC = 36 G, K= 1.6 10 erg/cm ). In compressive lms grown on LaAlO , for optimal PLD conditions, the perpendicular [001] direction is a hard axis and, in the plane, the easy direction lies along the [100] axis (HC = 70G, K= 7.2 10 erg/cm ). The presence of an in-plane anisotropy [2] at RT will be discussed from PLD parameters.
IMPLANTATION OF Mn
INTERFACE RESISTANCE AND ELECTRICAL
MAGNETIC ANISOTROPY OF STRAINED
[1] L.M. Berndt et al, APL 77, 2903 (2000 [2] F. Tsui et al, APL 76, 2421 (2000 [3] A.M. Haghiri-Gosnet et al, JAP 88, 4257 (2000) . The development of ion beam sputter deposition (IBSD) techniques for deposition of giant magnetoresistance (GMR) lms has been studied using an automated IBSD system designed and built in-house. We h a ve studied the properties of Fe/Cr multilayers deposited using either Ar or Xe ions with the primary ion beam energy varying from 500 eV to 1100 eV. The lms were characterized using transmission electron microscopy (TEM), atomic force microscopy (AFM), Auger electron spectroscopy (AES), magnetization measurements, and magnetoresistance measurements. The maximum value of GMR obtained was 29% (measured at 10K). For the Cr spacer thickness layer chosen, this GMR ratio is better than the best values reported for polycrystalline Fe/Cr multilayers deposited by magnetron sputtering. We h a ve found that GMR ratios for the Fe/Cr multilayers increase with decreasing primary ion beam energy, and are greater for lms deposited using Xe ions than for lms deposited using Ar ions. We explain the observed eects on the basis of energy distributions of sputtered atoms and backscattered working gas atoms (neutrals). The energy distributions were calculated using TRIM (Transport of Ions in Matter) software based on the Monte Carlo method. It was recently demonstrated that junctions of two superconducting banks (S) with a weak ferromagnet (F) in between can sustain a supercurrent; the behavior of the critical currents of such junctions suggest that for a certain temperature and F-layer thickness interval the phase dierence between the banks can be instead of 0 ( ). The -state is a manifestation of an inhomogeneous order parameter in, and induced by, the ferromagnet, the so-called Larkin-OvchinnikovFulde-Ferrel (LOFF) state. Using this state it should be possible to fabricate a`superconducting spin switch', consisting of an F/S/F structure with both F-layers thickness-tuned to sustain a LOFF-state. Rotating the direction of the magnetization of the layers with respect to each other should then inuence the superconducting transition temperature of the S-layer. We h a ve i n vestigated the proximity eects in multilayers of Nb/Cu Ni , with x between 0.5 and 0.7. We show that for the lowest Ni-concentrations the conditions for such a d e v i c e with respect to interface transparency and S-layer critical thickness are met. ( )V.V. Ryazanov et al., Phys. Rev. Lett. 86, 2427 (2001 Andreev reection at an interface between a ferromagnet (FM) and a superconductor (S) has become an attractive technique to measure the spin polarization of magnetic materials. The results of these measurements are interpreted using the so-called BTK model introduced almost twenty y ears ago which is based on a free-electron model of the conduction electrons and an interface modelled by a delta function with strength Z. In neglecting the complex -bands of transition metal elements, such models are known to neglect important aspects of the physics of electron transport through interfaces; the spin-dependence of the interface transmission plays an essential role in Giant MagnetoResistance. An additional complication is that most FM/S interfaces (such as Co/Pb or Co/Nb) are not epitaxial and dicult to model realistically on an atomic scale. Using a newly developed method based on the TB-LMTO method , we model FM/S interfaces using large lateral supercells, calculate entirely from rst-principles the spin polarization of the transmission through Pb/Co and Pb/Cu interfaces and use the results to calculate the conductance above and below the superconducting transition temperature (thus, taking into account the Andreev reection). This allows us to make a detailed comparison with experiment and discuss the conclusions which can be drawn about the spin-polarization of the ferromagnet. In our recent w ork[1] on the transport across a LSMO/YBCO hetero-interface, we demonstrated the suppression of the zero-bias conductance peak (ZBCP) associated with the Andreev bound states at the ab-plane of the interface due to the spin polarization of LSMO carriers. However, the temperature dependence of the shape of the ZBCP indicated that the decay of the surface spin polarization of LSMO occurs far below the Curie temperature raising questions about the applicability of LSMO in spintronics applications. CrO is another transition metal oxide, which has suggested to be highly spin polarized. In this work we report the results of a transport study applied to a CrO /Ag/YBCO junction, employing the ip-chip mechanism. The junction is formed by pressing a CrO lm against a Ag/YBCO junction. The Ag/YBCO junction in the same ip-chip conguration clearly shows the zero-bias conductance peak (ZBCP), proving the validity of the ip-chip mechanism employed in the study. The transport characteristics of the CrO /Ag/YBCO junction do not reveal any ZBCP all the way up to the T of YBCO, 80 K. The strong suppression of ZBCP is an evidence of the high spin-polariztion (near 100%) of the CrO surface, its persistence up to the T of YBCO indicates a good temperature stability of the spin polarization. It is tempting to equate U to an eective KV where K is an anisotropy density a n d V i s a s w i t c hing volume. Using the values of K obtained from FMR measurements on the arrays, then V is found to be orders of magnitude smaller than the element v olume. However if K is taken to be the induced uniaxial anisotropy, V is increased to approximately the volume of the domain congurations at the ends of the elements in the two thinnest samples but still an order of magnitude smaller in the 43.5 nm sample. The probability of switching between symmetric and anti-symmetric end structures will also be quantied. Investigations on magnetic properties of nanoscale systems have b e e n of signicant importance from fundamental and also technical viewpoints. Using electron-beam lithography, the author's group has prepared wires and dots of nanoscale magnetic systems and studied the magnetic properties systematically. In the present talk, mainly two experiments are introduced. One is a study on magnetization reversal in wire samples from resistivity measurements. The wire sample is consisting of trilayer structure, NiFe/Cu/NiFe o r N i F e/Cu/Co. Due to the GMR principle, the magnetization reversal at one magnetic layer causes a great resistance change. Therefore the magnetization reversal, or domain wall propagation, has been studied from the change of resistance. The temperature dependence of the switching eld is argued. The subject of the other study is the behavior of vortex magnetization in circular NiFe dots. Using MFM observation, the existence of perpendicularly magnetized spot at the center of each dot has been conrmed. The switching eld for the core magnetization is estimated from MFM observation after applying and removing an external eld, and the dierence of magnetization reversal process regarding to in-plane and perpendicular external eld is distinguished. We h a ve developed a theory of spin injection through a device consisting of a paramagnetic ion doped nanocrystal (quantum dot) as a connector between a ferromagnetic metal and a semiconductor. This system (i) controls the spin injection in a way quite similar to a tunnel contact, (ii) is completely controlled by the voltage (or the current through the dot) and does not require an external magnetic eld, (iii) results in the enhancement of the spin injection coecient with increasing current, and (iv) is a nearly monochromatic source of spin polarized electrons. Spin polarized current injected from the ferromagnetic source polarizes the ion; the polarization of the ion, in turn, controls the spin polarization of the current o wing through the nanocrystal. Depending on the voltage, the ion can either enhance the injection coecient b y several times or suppress it. A larger enhancement of the spin injection is obtained with ions having a larger spin. We analyzed spin-dependent conductivity in a system of paramagnetic quantum dots embedded a semi-insulating matrix. We assume that the conductivity is due to bound magnetic polaron (BMP) Individual electrons conned in quantum dots provide unique opportunities. On the one hand, such isolated spins are the basis for quantum bits. More fundamentally, isolated electron spins in Si are thought t o h a ve extremely long coherence times. However, measurements on individual spins are very challenging. To address these issues, we h a ve designed and are fabricating a novel back-gated quantum dot to trap and manipulate single electrons in a coupled dot array. Here we present n umerical simulations of two coupled dots. The simulations are performed on the actual device geometry, a n d implemented using a self-consistent P oisson and Hartree Fock/ Conguration Interaction method. The low-lying two-particle modes are determined, and the exchange coupling, , b e t ween the two electrons is extracted. By varying gate voltages, is tunable from 0 to well over 2 eV, an energy that enables spin evolution on nanosecond time scales. Our calculations follow the evolution of the electron spins through a series of gate voltage manipulations. The simulations also investigate errors introduced by c harged defects near the quantum The size{tunable optical properties of semiconductor quantum dots (QDs) in an external magnetic eld open wide possibilities for controlled manipulation of the spins of conned carriers for spintronics and magneto{electronics applications. Recent experimental studies on the time-resolved Faraday rotation in bare and core{shell semiconductor nanocrystals [1] have indicated the need for a detailed understanding of quantum size eects and the inuence of QD surfaces on the spin dynamics and carrier eective g factors in these systems. In the present w ork we develop a theory of the linear Zeeman eect for conduction electron states conned in spherical semiconductor nanocrystals and spherical layered semiconductor heterostructures. We use appropriate eight band and fourteen band eective mass Hamiltonians to describe the properties of the bulk{like semiconductor layers and model all material parameters as functions of the spatial radial coordinate with abrupt jumps at the interfaces. The interface and surface properties are modeled by dierent c hoices of the boundary conditions imposed on the envelope functions. We study quantum connement and surface eects on the splitting of the electron quantum size energy levels and show that heterostructure interfaces and nanocrystal surfaces directly aect the values of the electron eective {factors. We calculate the size dependence of the electron eective {factors in the ground and excited states in bare semiconductor nanocrystals. A comparison with experimental data provides direct evidence of the eect of the surface on the electron eective values in small nanocrystals. Magnetic and transport properties of Mn layers in GaAs/Mn digital alloys were studied as a function of Mn layer coverage. All samples were grown at 275 C to avoid the formation of MnAs precipitates. Ferromagnetism appears in samples having more than 0.1 Mn in each Mn-containing layer. The Curie temperature showed a strong dependence on the Mn fraction. A correlation between the eective spin density (obtained from saturation magnetization) and the Curie temperature is observed for all samples studied so far. This also includes other structurally similar samples grown under dierent growth conditions with dierent Curie temperatures. The electrical conductivity exhibits variable range hopping behavior of holes, indicating that the ferromagnetic exchange interaction in GaAs/Mn digital alloys is mediated by localized holes. Both positive and negative magnetoresistance are observed in the ferromagnetic phase, qualitatively similar to metallic and ferromagnetic GaMnAs random alloys, but quantitatively dierent. On the other hand, the temperature dependence of the negative magnetoresistance resembles that in insulating and ferromagnetic GaMnAs random alloys. Interest in the eld of spin-polarized transport exploded after the discovery of giant magnetoresistance (MR) in multilayers consisting of alternating layers of ferromagnetic (F) and nonmagnetic (N) metals. There are two orientations of current o w for measurements of this MR: in plane (CIP) and perpendicular to the plane (CPP). The CPP-MR is generally larger than the CIP-MR and usually gives more direct access to the fundamental parameters of spin-polarized transport in multilayers [1] . Recently, i n terest has begun to focus on the length scales for`spin-ipping' (spin-memory loss) in the bulk of the F and N layers and at F/N interfaces. Spin-memory loss usually reduces the CPP-MR, but under certain circumstances it can it. We will describe versatile CPP-MR techniques for measuring spin-memory loss in multilayers, and present measurements of such losses in F and N layers and at interfaces between dierent N metals.
OXYGEN-ISOTOPE EFFECTS ON THE LOCAL STRUCTURE DISTORTIONS AND TRANSPORT P R OPERTIES OF THE
PARAMAGNETIC ION DOPED NANOCRYSTAL AS
We will also present preliminary results suggesting the possibility o f signicant spin-memory loss at F/N interfaces. Lastly, w e will explain how a c o u n terintuitive increase in CPP-MR with increasing spin-memory loss can occur. An exciting new direction in the eld of spintronics is the possibility to generate, control and apply spin polarized currents and the associated phenomenon of spin accumulation. I will discuss our results on mesoscopic spin valve structures, where two ferromagnetic electrodes are coupled to either a two-dimensional electron gas present in an InAs quantum well, or to a non-magnetic metal. In the semiconductor devices we h a ve sofar not been able to observe indications of spin polarized tranport. An explanation for this can be given in terms of \conductivity mismatch". However, in the full metal devices we h a ve observed clear evidence for spin injection and spin accumulation, both at 4.2K and at room temperature. We h a ve systematically measured the spin signal in devices with electrode spacing ranging from 250 nm to 2 m. From the analysis we o b t a i n a spin ip length in Cu of 1 m at 4.2K and 350 nm at room temperature. Recent measurements on Al indicate that the spin ip length can be even longer. This opens up new possibilities to control the spin e.g. by means of controlled precession in an applied magnetic eld. Furthermore I will show h o w the \conductivity mismatch" problem might b e a voided, using magnetic tunnel junctions for injection and detection of spin polarized currents. By using a rather simple model potential we calculate the inuence of specular and diuse scattering at interfaces on the resistance for currents perpendicular to the plane of the layers (CPP) in multilayered metallic structures. We nd that if one maintains the same interfaces between layers, their contribution to the total resistance of the system depends on the thickness of the intervening layers. Their contribution is constant only if the distance between interfaces is larger then the electron mean free path in the bulk of the layers. The error incurred by neglecting the dependence of the interface resistance on layer thickness depends on the amount o f diuse scattering at interfaces and the height of the potential step at the interface. For a multilayer consisting of three layers this error does not exceed 5% for completely diuse interfaces, but for interfaces where there is a 50% probability that the electrons are scattered specularly the error reaches about 20%; this exceeds the experimental error and merits further study.
SPIN HALL EFFECT. S. Zhang, University of Missouri-Columbia, Dept of Physics, Columbia, MO.
Scattering of unpolarized electrons by an unpolarized impurity results in spatial separation of electrons with dierent spins due to spin-orbit interaction. For this reason, an electrical current in a semiconductor is accompanied by a spin ow perpendicular to the current; this is known as the \spin Hall eect". For a steady-state current, a non-equilibrium spin accumulation is established in the transverse direction of the current. If one is able to inject a spin polarized current i n to a semiconductor, a Hall voltage should be generated due to this spin Hall eect. By using macroscopic equations for the spin current and spin accumulation, we d e r i v e the transverse spin accumulation and the Hall voltage in nanowires, thin lms and multilayers. In particular, we s h o w that the measurement of the Hall voltage should yield information of spin polarization of the optically or electrically injected current. Therefore, the spin Hall eect can be used as a tool to probe the spin polarization of the current. Based on spin orbital parameters of several semiconductors, we estimate the magnitude of the spin Hall eect. Interfaces between ferromagnetic and non-magnetic metals are essential functional elements of magnetoelectronics because of the high spin-selectivity of the electron transmission probabilities. In order to understand and control the spin-injection process, qualitative and quantitative understanding of the electronic structure is important. Interesting novel physics like the spin-current induced torque on the mangetization is also strongly localized to the interface. Within a semiclassical approximation scheme, the characteristics of magnetoelectronic circuits and devices can be expressed in terms of four interface parameters, viz. the conventional spin-up and spin-down conductances and the real and imaginary part of the mixing conductance or spin-torque. The former ones are experimentally accessible by transport experiments on magnetic multilayers in the current perpendicular to the plane (CPP) conguration as pioneered by the MSU collaboration. The latter can at least in principle be measured via the angular magnetoresistance of CPP spin valves. We present results for the interface conductances as computed by rst principles for specular and disordered interfaces. The results will be compared with available experimental data and the consequences for the physical properties of mesoscopic circuits and devices will be discussed. A magnetic tunnelling spin injection device (MAGTID) consisting of a stack o f t wo ferromagnetic tunnelling junctions with access to the intermediate electrode has been developed. The layer structure is Co/Al O /NiFe/Al O /Co. The layers were deposited by dc-magnetron sputtering and the barriers were formed by ultraviolet-light assisted thermal oxidation. The performance of the upper and lower junctions within a stack w ere determined by current-voltage characteristics, the rst derivatives (dV/dI vs. V) and the individual tunnelling magnetoresistances (TMR). In-situ secondary ion beam spectroscopy (SIMS) has been used during argon ion beam etching to achieve precise etch stops. Therefore, even a potential contact to an only 5 nm thick NiFe middle layer was successful. Using one junction in a stack as a spin injector and the second junction as a detector various magnetoresistance measurements were performed. The resistance of the detector junction was dependent on the magnetization of the common NiFe l a yer (parallel or antiparallel to the Co layers) and the injector current. Studies of Giant Magnetoresistance (GMR) in metallic superlattices have produced much new physics. However, important open questions remain regarding the role played by i n terface roughness and the relative importance of bulk and interfacial scattering in the GMR mechanism. To address this issue, we h a ve performed an extensive comparative study of growth, structure, magnetization, and magnetotransport in Fe/Cr superlattices. We h a ve correlated magnetization and transport using the geometry in which the current ows perpendicular to the interfaces (Current P erpendicular to the Plane-CPP) with structural information about the interfaces obtained from energy ltered transmission electron microscopy (EFTEM) and X-ray diraction. Both structural probes supply quantitative information about the interface structure not only in the growth direction (interface width) but also in the lateral direction (lateral roughness correlation length). We h a ve found a clear correlation between transport data and roughness parameters which shows that in Fe/Cr superlattices, the resistivity is mostly dominated by the lateral roughness correlation length, whereas the magnetoresistance is determined by the interface width. These results provide the quantitative connection between structural measurements and transport for the development of a quantitative theory of GMR. Work supported by the US-DOE. The response of spin valve systems, used in magnetoresistive sensors or GMR read heads, depends not only on the intrinsic layer properties, like anisotropy of the sensing layer, but also on the magnetic interaction between the sensing layer and the pinned layer. Depending on strip geometry and direction of pinning, additional anisotropies due to the interlayer interaction modify the sensor characteristics. To determine the inuence of these parameters strips of a Py/Co/Cu/Co/FeMn-stack, 500 m in length with a width ranging from 5 m to 15 m, were studied. The unidirectional and the uniaxial part of the anisotropy w as determined from MOKE and magnetoresistance measurements. These measurements were repeated for dierent orientations of the exchange bias with respect to the long axis of the strip. For comparison micromagnetic simulations [1] were performed. To ensure the simulation quality the cell sizes in the calculations were chosen smaller than the characteristic magnetic length. In return the model sizes were reduced to strips ranging from 8 m x 1 m to 4 m x 0.2 m, since the overall cell number is restricted by calculation time. Experimental data are presented and compared with the simulation results. The good agreement b e t ween experimental behaviour und theory gives the base for better understanding of the relevant i n teractions in such systems. Support by BMBF Grant (13N 7910) is gratefully acknowledged.
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[1] MicroMagus program package, developed by D. Berkov a n d N . Gorn, further information available from db@innovent-jena.de.
